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We study constraints from perturbativity and vacuum stability as well as the EWPD in the type 
II seesaw model. As a result, we can put stringent limits on the Higgs triplet couplings depending 
on the cut-off scale. The EWPD tightly constrain the Higgs triplet mass splitting to be smaller than 
about 40 GeV. Analyzing the Higgs-to-diphoton rate in the allowed parameter region, we show how 
much it can deviate from the Standard Model prediction for specific parameter points. 

I. INTRODUCTION 

The discovery of the Higgs boson at around 125 GeV p] opened a new era toward the Higgs precision test. 
It is essential for the LHC and future experiments to determine how precisely the Higgs candidate follows the 
very prediction of the Standard Model (SM), as new physics might enter here to modify the SM Higgs property 
in various ways. One of the motivations for new physics beyond the SM comes from the smallness of neutrino 
masses whose origin can be attributed to a new particle coupling to the lepton doublets of the SM. 

In this paper [2J, we consider the type II seesaw mechanism which introduces a Higgs triplet whose vacuum 
expectation value (VEV) generates the neutrino masses and mixing ;3] . The Higgs sector of the type II seesaw 
contains four more bosons, H ++ ,H + and H°/A°, in addition to the SM Higgs boson, h. While the standard 
Higgs doublet generates the quark and charged lepton masses, the Higgs triplet couples only to the lepton 
doublets generating the neutrino masses. This mechanism leads to a peculiar prediction of a same-sign dilepton 
resonance, H ++ —> l^l^, which is being searched at the LHC [3]. As the Higgs triplet Yukawa matrix is 
proportional to the neutrino mass matrix, the observation of the flavor structure of the same-sign dilepton final 
states allows us to determine the neutrino mass pattern at colliders [S]. 

Other interesting features of the type II seesaw come from the Higgs boson sector. Considering the pertur- 
bativity and absolute vacuum stability conditions up to the Planck scale, the perturbativity keeps a triplet self 
coupling, denoted by A2, smaller than 0.25 and then vacuum stability requires all the other couplings to be 
smaller than 0.5. If a lower instability scale is taken, such a stringent limit can of course be relaxed, but not too 
much. Another important constraint can be deduced from the electroweak precision data (EWPD) [6 . Note 
that one of the couplings between the Higgs triplet and doublet, denoted by A 5 , induces mass splitting AM 
among the triplet components [5]. The EWPD turn out to put a strong limit of \AM\ < 40 GeV allowing only 
a narrow range of A5 depending on the Higgs triplet mass when the triplet VEV is taken to be tiny enough so 
that its tree-level contribution to Ap is neglected. 

As noted in [7H9] , the SM Higgs boson decay h —¥ 77 can be significantly modified through one-loop diagrams 
involving the charged Higgs bosons, in particular, H ++ , if quartic couplings mixing with the SM Higgs are large 
and the triplet mass is small. The precise measurement of the diphoton rate will place an important restriction 
on the type II seesaw model. In our analysis, we show how much the h — > 77 rate can deviate from the SM 
prediction after restricting ourselves to the model parameter space allowed by the perturbativity and vacuum 
stability conditions as well as the EWPD constraint, which has not been considered properly in the previous 
studies. 

II. HIGGS COUPLINGS IN TYPE II SEESAW 

When the Higgs sector of the Standard Model is extended with a Y — 2 SU(2)l scalar triplet A in addition 
to a SM-Higgs doublet <E>, the gauge-invariant Lagrangian is written as 

C = (£> M $) + Tr (Z^A) 1 (D"A) - L Y - V(&, A) 

where the leptonic part of the Lagrangian required to generate neutrino masses is 

Cy = f a pLlCir 2 AL l3 + H.c. (1) 
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and the scalar potential is 

V($,A) = m 2 (f> t $ + Ai($ t $) 2 + M 2 Tr(A t A) 

+ A 2 [Tr(AtA)] 2 + 2A 3 Det(A t A) + A 4 ($ t $)Tr(A t A) 



A 5 ($ t T i $)Tr(Atr,A) 



Here used is the 2x2 matrix representation of A: 



V2 



fj,(^ T ir 2 A^)+R.c. 



( A+/V2 A" 1 



V A 



-A+/V2 



(2) 



(3) 



Upon the electroweak symmetry breaking with ($°) = the /i term in Eq. <[2j) gives rise to the vacuum 

expectation value of the triplet (A ) = Ua/v2 where va ~ ^v 2 /V^M 2 . We will assume /i is real positive 
without loss of generality. From the leptonic Yukawa coupling ([I]), one can get the neutrino mass matrix 



(4) 



where £ = va/vq. The observed neutrino mass of order 0.1 eV requires |/ Q| s£| ~ 10 . Considering this 
relation, we will assume \f a p\ *C 1 and |£| <C 1 throughout this work. Let us remind that the measurement of 
p = M^ v /(M^c 2 v ) ps 1 puts the bound £ < 10~ 2 . We will work in the region of |£| -C 10~ 2 for our analysis. 

After the electroweak symmetry breaking, there are five physical massive bosons denoted by -ff ±=t , H^, H°, 
A , h°. Under the condition of |£| -C 1, the first five states are mainly from the triplet scalar and the last from 
the doublet scalar. For the neutral pseudoscalar and charged scalar parts, 



cj) + = G+ + V2£H+ 
A+ = H+ - V2£G + 

where G° and G + are the Goldstone modes, and for the neutral scalar part, 



$ = G° - 2£A° 
A°j = A° + 2£G° , 



4> R = h°-a^H°, 
A° R = H° + a^h° 



(5) 



(6) 



where a = 2 + (4Ai — A 4 — A 5 )v 2 ,/(Mf l0 — M 2 a ). The masses of the Higgs bosons essentially from the triplet are 



M 2 H±± 



M 2 H± 



M 2 + A4 ~ A \ 2 



M 2 H±± + fv 2 



Mjj OA0 = M 2 H±± +\ 5 v 2 , 



(7) 



neglecting small contributions from v&. The mass of h° is given by m? D = 2Ai«q as usual. 

Eq. Q tells us that the mass splitting, AM = M H ± — M H ±±, is driven by the coupling A5 which affects 
also the EWPD and the Higgs-to-diphoton rate. Recall that depending upon the sign of the coupling A5, 
there are two mass hierarchies among the triplet components: M H ±± > M H ± > Mro 40 for A5 < 0; or 
M H ±± < M H ± < M H o >A o for A 5 > [5 . The charged Higgs boson as light as 100 GeV (M H ±± or M H ± = 100 
GeV) can evade the CMS search if the decay channels of iJ ±=b — > H ± W* and H ± — s- H°/A°W* are the dominant 



modes allowed by a sizable A5 in the first case, or if H ±±: decays dominantly to W W with |£| 3> 
second case. 



in the 



III. VACUUM STABILITY AND PERTURB ATIVITY 



The scalar potential ^ contains seven free parameters: Aj (i — 1...5), «a and M H ++. Rather stringent 
constraints on these parameters can be readily obtained by the theoretical requirements of perturbativity and 
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vacuum stability. A detailed study of the scalar potential has been performed in The vacuum stability 

conditions on the scalar couplings A^ are as follows: 



Ai > 0, A 2 > 0, A 2 + -A 3 > 



A 4 ± A 5 + 2VAlA^ > 0, A 4 ±A5 + 2a/ai(A 2 + ^A 3 ) > 0. 



(8) 



Apart from these conditions, we will put the perturbativity conditions: |A»| < v47r. 

We will take the absolute stability condition that all these constraints must remain true up to the scale where 
the theory is supposed to be valid. Henceforth, we study the renormalization group (RG) evolution of these 
scalar couplings (Aj's), EW-gauge couplings g 2 , g', strong coupling 53 and top- Yukawa coupling y t up to the 
cut-off scale at the one-loop level. The RG evolution of the type II seesaw model has been studied in [12] . 
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FIG. 1: RG evolution of couplings and vacuum stability conditions. 

In Fig. [TJ we show an example of the RG running of the couplings which maintain the perturbativity and 
vacuum stability up to the Planck scale. In the rightmost panel, the three vacuum stability conditions; (1) 

A 2 + 5A3 > 0, (2) A 4 - A 5 + 2VA1A2 > 0, and (3) A 4 - A 5 + 2y / Ai(A 2 + §A 3 ) > are presented. Note 
that the Higgs doublet self-coupling Ai decreases initially due to the top Yukawa coupling as in the SM, but 
it turns around to increase at a certain point with the aid of other increasing couplings. For our numerical 
analysis, we use M t = 173 GeV, m t {M t ) = 164 GeV, m h = 125 GcV and thus A t (M t ) = m 2 h /2vl = 0.129 and 
y t (M t ) = V2m t /v = 0.938. 



IV. CONSTRAINTS FROM EWPD 



In this section, we study the contributions of the Higgs triplet to the EWPD observables, also known as 
the oblique parameters. In |13j . the contribution of a scalar multiplet of arbitrary weak isospin and weak 
hypercharge to the S, T and U parameters has been calculated. We present here the expressions for the specific 
case of the Higgs triplet model: 



"in m 1 



+ 1 

E 

T a =-1 



(T 3 



l s w) 2 ' 



<T 3 



"I 



(9) 



T = 



U = 



+1 



167TC 



(2-T 3 (T 3 -l)) 77 



W a W T 3 = -l 



1 



67r m^m^j 



In 



+1 

E 

T a =-1 



2(T 3 -Q S 2 W ) 2 Z 



m h-i 




m| 


) 


/ m% 




\ m z 


' 2 






Ww 1 





- (2 - T 3 (T 3 - 1))£ 

where m+i,o,-i = Mh++,h+.h° an d the functions £,(x,y) and rj{x,y) are defined in [T 
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Adopting the most recent fit results for the allowed regions of the S, T and U presented in [T3], we use the 
following values for the SM fit of the oblique parameters: 

Sbcst fit = 0.03 , as =0.10, (10) 

Tbest fit = 0.05 , a T = 0.12, 

U hcst at = 0.03 , a u = 0.10, 

As the S, T and U are not independent quantities, there is a correlation among these quantities. The correlation 
coefficients are given by 

p S T = 0.89, psc/ = -0.54, PTU = -0M. (11) 
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FIG. 2: Allowed parameter space in the M H ++-\$ plane. The contours represent the allowed values of mass splitting, 
AM = M H + — M H ++, in the unit of GeV. The shaded band denotes the 99% CL region satisfying the EWPD constraint. 

In Fig.[2j we show the allowed parameter space in the M H ++-\$ plane consistent with the EWPD. The shaded 
region shows the EWPD constraint at 99% CL. The contour lines show the mass splitting, AM = M H + — M H ++ , 
from which one can see that the mass splitting is tightly constrained to be within \AM\ < 40 GeV independently 
of the doubly charged Higgs mass. 



V. HIGGS TRIPLET CONTRIBUTION TO h -> 77 



Having studied the consistency conditions on the model parameters, we now analyze their impact on the 
Higgs boson decay to two photons. In the type II seesaw model, the Higgs-to-diphoton decay rate gets a sizable 
contribution from the charged Higgs bosons, H ++ and H + , which can lead to a constructive or destructive inter- 
ference with the SM contribution from the top quark and weak gauge boson. Summing up all the contributions, 
one gets the following Higgs-to-diphoton rate: 



T(h -> 77) 



f 

2 



128V2tt 3 



(12) 
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where Xi = m^/Am 2 and the functions are 



A h 1/2 (x) = 2x- 2 [x+(x-l)f(x)} 

A\{x) = -x~ 2 [2x 2 + 3a; + 3(2a;-l 
A h (x) = ~x- 2 {x~f(x)} 



!)/(*)] 



(13) 



^ 4 [ 1-Vl-x- 1 

The Higgs couplings are = 1 for the top and g^w = 1> wne: 




— ITT 



X <l 



for x > 1 



9h+h+ — y M 2 ' anci 9H++H++ 




H++ 



(14) 



Since the SM contribution amounts to about —6.5 in the amplitude, negative values of A4 and A4 — A5 can 
make a constructive interference to enhance the diphoton rate. As we will see in the next section, however, the 
vacuum stability condition strongly disfavors negative A4 and A4 — A5 and allows more parameter region leading 
to a destructive interference to reduce the diphoton rate. 



In this section we perform a numerical analysis to constrain the parameter space of the scalar couplings by 
considering the conditions of vacuum stability and perturbativity up to the scale where the theory is considered 
to be valid. We present our results only for the instability scale 10 19 GeV. We further look for the allowed 
parameter space combining these with the EWPD and quantify the deviation of the ratio i? 77 from the SM 
value = 1. Figs. M summarize our results in the A4-A5 plane with different values of A2 and A3 for the 

doubly charged Higgs mass, M H ++ = 100 GeV (left), 150 GeV (middle) and 200 GeV (right). The contours 
represent the values of i? 77 . The gray (purple) bands denote the 99% (95% CL) region satisfying the EWPD 
constraints. 

We infer from these figures that for negative A3, larger values of A2 are allowed while for positive A3, smaller 
values of A2 are preferred to satisfy vacuum stability conditions. We observe that a large A2 tends to squeeze 
the allowed parameter space in the A4-A5 plane. This is due to the fact that a large A2 violates perturbativity 
very quickly when we evolve the coupling with RG equations. We find that A3 = allows for a larger parameter 
space compared to two extremal values of A3. As a result, the enhancement of i? 77 is feasible for relatively larger 
allowed parameter space. The shaded bands in figures denote the allowed region by the EWPD depending on 
the doubly charged Higgs boson mass. As is obvious, smaller and more positive ranges of A5 are allowed for 
smaller values of M H ++ . Although the allowed bands of A5 get smaller for smaller M H ++ , i? 77 can be more 
enhanced in these regions due to the sizable contribution from light charged Higgs bosons, in particular, near 
A4 = favored by vacuum stability conditions. Of course, a larger parameter space opens up for a larger positive 
A4 for which a destructive interference occurs and thus i? 77 can be much smaller than 1. Thus, broad ranges 
with positive A4 are strongly disfavored by the current LHC data. 

To summarize, we studied the parameter space of the Higgs scalar potential of the type II seesaw model in 
the light of vacuum stability, perturbativity and EWPD constraints. Then we looked at the possible deviation 
in the Higgs-to-diphoton rate in the allowed parameter space. The allowed parameter space is found to be 
very restrictive depending on the choice of the instability scale. Regardless of any choice of instability scale, 
i? 77 becomes smaller than 1 in a larger parameter space, but it can be enhanced by 50%-100% in some limited 
parameter region. If the deviation of the Higgs-to-diphoton rate turns out to be small with more data at the 
LHC, only a narrow band around A4 rs A5 will survive for low Higgs triplet mass. 
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